Abstract & Key message Foliar phosphorus (P) resorption in Quercus variabilis Blume was significantly lower at a P-rich than at a P-deficient site. Moreover, P resorption strongly decreased, and nitrogen:phosphorus and carbon:phosphorus resorption ratios increased with soil P content. This demonstrates a strong link between foliar P resorption and P content in soils, and emphasizes the importance of P resorption in leaves of trees growing in soils with contrasted P content. & Context Subtropical ecosystems are generally characterized by P-deficient soils. However, P-rich soils develop in phosphate rock areas. & Aims We compared the patterns of nutrient resorption, in terms of ecological stoichiometry, for two sites naturally varying in soil P content. & Methods The resorption efficiency (percentage of a nutrient recovered from senescing leaves) and proficiency (level to which nutrient concentration is reduced in senesced leaves) of 12 elements were determined in two oak (Q. variabilis) populations growing at a P-rich or a P-deficient site in subtropical China. & Results P resorption efficiency dominated the intraspecific variation in nutrient resorption between the two sites. Q. variabilis exhibited a low P resorption at the P-rich site and a high P resorption at the P-deficient site. Both P resorption efficiency and proficiency strongly decreased with soil P content only and were positively related to the N:P and C:P ratios in green and senesced leaves. Moreover, resorption efficiency ratios of both N:P and C:P were positively associated with soil P. & Conclusion These results revealed a strong link between P resorption and P stoichiometry in response to a P deficiency in the soil, and a single-and limiting-element control pattern of P resorption. Hence, these results provide new insights into the role of P resorption in plant adaptations to geologic variations of P in the subtropics.
Introduction
Nutrient resorption comprises a process of nutrient remobilization from senesced organs to living tissues within a plant, which serves as a nutrient conservation strategy that plays an essential role in the adaptation of plants to environments with variable nutrient concentrations (Killingbeck 1986; May and Killingbeck 1992; Castle and Neff 2009) . Nutrient resorption has been measured as resorption efficiency or resorption proficiency. Resorption efficiency refers to the percentage of a nutrient that is withdrawn from senesced organs prior to their abscission (Aerts 1996) , while resorption proficiency is the level to which nutrient concentration is reduced in senesced organs (or the nutrient concentration levels within senesced organs, where low nutrient concentrations in senesced organs indicate a high nutrient proficiency) (Killingbeck 1996) . Both measures have continued to receive widespread attention in many studies (McGroddy et al. 2004; Rentería et al. 2005; Richardson et al. 2005; Drenovsky and Richards 2006; Rentería and Jaramillo 2011; Yuan and Chen 2015) . Plants with higher nutrient resorption exhibit an enhanced capacity to reduce the dependence of plants on the status of soil nutrients (Killingbeck 1996; Yuan and Chen 2009a) , while increasing nutrient use efficiency (Yuan et al. 2006) . Typically,~50% of leaf phosphorus (P) may be recycled through the resorption process (Yuan and Chen 2009a; Vergutz et al. 2012) ; hence, it is likely that nutrient resorption is particularly important to plants in subtropical and tropical regions, which are subject to P deficiency and limitation (Vitousek et al. 2010) .
Although higher levels of nutrient resorption in plants grown in infertile soils are to be expected, no consistent pattern was detected with respect to nutrient availability in the soils. The relationship of nutrient resorption with soil nutrient status was mostly negative, i.e., increasing nutrient resorption with decreasing nutrient availability (Aerts and De Caluwe 1994; Yuan and Chen 2015) ; however, positive (Nambiar and Fife 1987; Sabaté et al. 1995) and a lack of a clear relationship (Wright and Westoby 2003) have also been reported. Most of these studies had their focus set primarily on single-element control patterns of nutrient resorption, e.g., P resorption efficiency (P RE ) in relation to P availability, or nitrogen (N) resorption efficiency (N RE ) in relation to N availability separately (Li et al. 2010; Yuan and Chen 2015) . Recently, See et al. (2015) initially and successfully employed the multiple-element control (which suggested that the foliar resorption of one element could be driven by the availability of another element, based on the resource optimization theory) to explain the variable relationships between nutrient resorption and nutrient availability. They observed that P resorption was strongly affected by the N content of soil in northern hardwood forests, where productivity was limited by both N and P. Studies that examined the response of nutrient resorption in natural habitats provided valuable information on the long-term adaptive response (adaptation) to environmental changes, while nutrient addition experiments presented direct evidence for short-term responses (acclimation) to soil nutrients (Yuan and Chen 2012) . Moreover, high levels of added nutrients and steep increases of added nutrients rarely occurred in natural habitats. Cao et al. (2014) suggested that the adaptation of dominant plants in phosphorus-enriched areas to local heterogeneous environments was characterized by certain genetic differentiations. Therefore, similar to Hayes et al. (2014) , who showed the major influence of the strong gradient in N and P availability along a 2-million-year dune chronosequence on leaf nutrient resorption, it was necessary to study the response of nutrient resorption under naturally geological nutrient varying habitats, which might confer valuable information in understanding how plants adapt to their environments across long-time scales, particularly trees with prolonged longevity.
Subtropical soils are generally characterized by deficiencies in phosphorous (P), calcium (Ca), and magnesium (Mg), and an enrichment of iron (Fe) and aluminum (Al). In particular, Pdeficient soils result in the P-limited stoichiometric traits of plants, such as low P content and high N:P and C:P ratios in the leaves (Reich and Oleksyn 2004; Han et al. 2005; Reich 2005; Sun et al. 2015) . However, in some areas of subtropical China, P-deficient sites are often mixed with P-rich sites on Prich ores, which results in significant variations of P and other elements (e.g., N, Ca, and Mg) (Yan et al. 2011; Zhou et al. 2015; Ji et al. 2017) . Xiao et al. (2009) found P-rich ecotypes of Pilea sinofasciata and Polygonum hydropiper in P-rich ore areas. Plants growing in P-enriched soils had considerably higher P content and lower N:P ratios (Yan et al. 2011) . Quercus variabilis showed highly variable nutrient concentrations within its leaves across the subtropical P-rich and Pdeficient sites (Zhou et al. 2015) . Over the last decade, many studies have investigated the stoichiometric composition (C:N, N:P, and C:P ratios) of leaves, which revealed an intimate relation with plant growth (McGroddy et al. 2004; Reich and Oleksyn 2004; Han et al. 2005; Ågren 2008 ). Moreover, Reed et al. (2012) used a stoichiometric approach to assess foliar resorption patterns at a variety of scales, and found that tropical sites had N:P resorption ratios of < 1, whereas plants growing on highly weathered tropical soils maintained the lowest N:P resorption ratios. Thus, similar to responses of the stoichiometric traits of live leaves to variable soil nutrients in subtropical areas, there might be intriguing stoichiometric patterns, such as N:P ratios and N:P resorption ratios, in senesced leaves and in foliar resorption in naturally geologic-P varying areas.
Deciduous oak, Q. variabilis, is a pan Eastern Asian tree species with ecological, economic, and cultural importance in China, Korea, and Japan . Both the resorption efficiencies and proficiencies of Q. variabilis were strongly impacted by climate and the respective concentrations of nutrients in soils and green leaves across temperate and subtropical areas (Sun et al. 2016 ). In the Central Yunnan Plateau, Q. variabilis stands have declined significantly due to serious historical disturbances, such as cutting, grazing, and agricultural activities, and the remaining stands are highly fragmented. Therefore, it is critical to understand the status of nutrient content and nutrient resorption of Q. variabilis and other trees in the context of silviculture, forest management, and the restoration of abandoned open-pit mines in this region (Xiao et al. 2009 ).
There were substantial differences in the elemental composition of leaves, acorns, and even the parasitic insects in the acorns of Q. variabilis, due to variable soil nutrients at P-rich sites on phosphate rocks and P-deficient sites on non-phosphate rocks in Central Yunnan, near Kunming, where P-rich soils develop from the natural, long-term mineralization of phosphorus rocks (Zhou et al. 2015; Ji et al. 2017) . This indicated that nutrient resorption should differ in such contrasting P habitats (Brant and Chen 2015) . In this study, non-minerals (C), macrominerals (N, P, potassium (K), calcium (Ca), and magnesium (Mg)), essential micro-elements (iron (Fe), manganese (Mn), zinc (Zn), copper (Cu)), and non-essential elements (aluminum (Al) and sodium (Na)), as well as stoichiometric ratios (C:N, N:P, and C:P) were determined in live and senesced leaves. Our study aimed to reveal the patterns of nutrient resorption in naturally geologic-P varying areas in terms of ecological stoichiometry. Since long-term pedogenesis leads to important changes in the availability of soil nutrients, particularly P limitation, which has greatly influenced foliar nutrient concentrations and resorption and plant growth (Laliberté et al. 2012; Hayes et al. 2014; Turner and Laliberté 2015) , we hypothesized that (1) leaf nutrient resorption of Q. variabilis between the P-rich and P-deficient sites would be significantly different, where P resorption would have the largest contribution in influencing the difference; (2) Q. variabilis would possess high P resorption at the P-deficient site, while having low P resorption at the P-rich site; (3) P resorption would significantly decrease with increasing P content in soils; and (4) there would be intimate relationships between P resorption and stoichiometry of foliar and soil P (such as N:P and C:P ratios), and also between resorption ratios of N:P and C:P and soil P content.
Materials and methods

Study sites
The P-rich site (developed on P-rich phosphate rocks) was located at Wenquan Village, Anning County (102°26′ 47.58″ E, 24°58′ 54.38″ N, 1869 m a.s.l), and the P-deficient site (developed on non-phosphate rocks) was located at Fulong Village, Mouding County (101°32′ 35.62″ E, 25°14′ 48.25″ N, 1846 m a.s.l), in the Yunnan Province of Southwest China. Table S1 illustrates the chemical compositions of the phosphate rocks in Anning County (Tao 2005 ) and non-phosphate rocks (the Matoushan Formation rocks) in Mouding County (Shi et al. 2011) . The chemical characteristics of the soils at the Prich site and the P-deficient site are shown in Table S2 . The climate was similar between the two P-type sites in 2015, with a mean annual temperature of 15.5°C and mean annual precipitation of 897.5 mm. Moreover, the mean monthly temperature and precipitation of Anning and Mouding Counties from 1981 to 2010 are shown in Fig. S1 . At these sites, Q. variabilis stands are natural forests at the mature stage, pure stands, or mixtures with other tree species, including Yunnan Pine (Pinus yunnanensis French) (Wu et al. 1987 ).
Sampling
Fifteen canopy trees were randomly selected (distance between the selected trees was > 20 m). The size of each stand where the trees were selected was~200 m × 600 m. The height and diameter at breast height (DBH) were measured. At the Wenquan site, the Q. variabilis trees ranged from 8.5 to 23 m in height, and from 22.3 to 40 cm in DBH. At the Fulong site, the Q. variabilis trees ranged from 11 to 16 m in height, and from 18.9 to 38.5 cm in DBH. Surface soil cores (0-10 cm, 3 cm Ø) were collected from five spots that were systematically arranged around each selected tree at 1.5 m from the trunk. The collected samples were mixed to form one composite soil sample for each tree. In March, the leaves began to sprout from the trees, and the peak time for leaves to fall was mid-December. Thus, soil and mature green leaf samples were collected in mid-August, 2015. Approximately, 200 g of mature, green canopy leaves (fully exposed to sunlight) were collected from each selected tree. Subsequently,2 00 g of newly shed and fresh senesced leaves were collected from the top layer of the forest floor in mid-December, 2015, under the canopy of each selected tree at 1 m from the trunk.
All samples were immediately transported to the laboratory. Following the removal of mineral particulates on the leaf surfaces with wet absorbent cotton; all leaves were dried at 105°C for 30 min, and then at 60°C for 48 h. The soil samples were air dried for 4 weeks to a constant weight. Following grinding, the dried samples were sieved through a 60-mesh sieve (0.25 mm Ø) for chemical analysis.
Fifteen leaves were randomly selected from the leaf samples collected from each tree. Leaf area was determined with a leaf area meter AM300 (ADC BioScientific Ltd., Herts, UK), and leaf dry mass was obtained after drying at 65°C for 72 h. Leaf mass per area (LMA) was calculated as the leaf dry mass per one sided leaf area.
Chemical analysis
All soil and leaf samples were digested with trace metal-grade nitric acid and diluted with distilled water. Total C and N concentrations were determined with an elemental analysisstable isotope-ratio mass spectrometer (Vario ELIII; Elementar, Germany). Total concentrations of P, K, Ca, Mg, Fe, Mn, Zn, Cu, Al, and Na were obtained with a plasma optical emission spectrometer (ICP-OES) (Iris Advantage 1000; Thermo Jarrell Ash, Franklin, MA). The concentrations of all elements were expressed as milligrams per gram of dry weight. All of the analyses were conducted at the Instrumental Analysis Centre at Shanghai Jiao Tong University.
Resorption efficiency
Nutrient resorption efficiency (RE, %) calculations followed (Van Heerwaarden et al. 2003; Wright and Westoby 2003; Yuan and Chen 2009a) .
where RE is resorption efficiency, and Nug and Nus are the concentrations in green and senesced leaves, respectively. The constant of mass loss correction factor (MLCF) used for Q. variabilis was 0.784, according to Vergutz et al. (2012) and Sun et al. (2016) . For C, N, and P, the resorption efficiency was represented by C RE , N RE , and P RE , respectively. The resorption efficiency ratios for C:N, N:P, and C:P were calculated as log e (C RE /N RE ), log e (N RE /P RE ), and log e (C RE /P RE ), respectively (Reed et al. 2012) .
Nutrient resorption proficiency was defined as the nutrient concentration in senesced leaves; low nutrient concentration in senesced leaves corresponded to high nutrient proficiency (Killingbeck 1996) .
Statistical analyses
Nutrient resorption efficiencies, concentrations, and ratios were log-transformed when required to improve normality. Student's t test was conducted with SPSS 18.0 (SPSS Inc., USA) to test for differences in nutrient concentrations and the C:N, N:P, and C:P molar ratios of green leaves, senesced leaves, and soils, as well as variations in foliar nutrient resorption efficiencies and resorption efficiency ratios between P-rich and P-deficient sites. By using R version 3.3.2 (The R Foundation for Statistical Computing, 2016) and including all of the sample trees, generalized linear models (GLM) were employed to represent the relationship between resorption, and soil or leaf chemistry, and the relationship between LMA and nutrient concentrations or resorption, across P-rich and P-deficient sites. Foliar resorption efficiencies, nutrient concentrations and/or stoichiometric ratios in green leaves and senesced leaves and resorption efficiency ratios were utilized as dependent variables, whereas nutrient concentrations or/and stoichiometric ratios in green leaves and soils and LMA and site types were employed as independent variables. We calculated the partial R 2 using the rsq. partial function in the rsq package to describe the proportion of variance explained by the independent variable (Zhang 2017) . Moreover, in order to show the intraspecific variation of the leaf resorption of multi-elements in Q. variabilis between the two P-type sites, and to identify resorption of which element had largest contribution in influencing the variation, partial least squares-discriminant analysis (PLS-DA) was used. The PLS-DA was conducted with the SIMCA13.0 software package (Umetrics, Umea, Sweden) to discriminate 30 Q. variabilis samples between the P-rich and P-deficient sites, using foliar nutrient resorption efficiencies of C, N, P, K, Ca, Mg, Fe, Mn, Zn, Cu, Al, and Na. Moreover, significant differences between the PLS-DA models were analyzed by CV-ANOVA (analysis of variance testing of crossvalidated predictive residuals) test. A loading plot was generated, and the first principal component of variable importance projection (VIP) was obtained from the PLS-DA. Moreover, In order to select the resorption of which element had most potent and significant effect on discrimination of oak trees between the two Ptype sites, VIP values that exceeded 1.0 and Student's t test (p < 0.05) between two comparison groups were applied.
Data availability
The datasets generated and analyzed during the current study are available in the Zenodo repository.
(https://doi.org/10.5281/zenodo.1183815) (Ji and Liu 2018) .
Results
Elemental stoichiometry of soils, green leaves, and senesced leaves
Concentrations of all the elements in soils were significantly higher at the P-rich site than at the P-deficient site with the exception of Ca. C:N, N:P, and C:P molar ratios in soil differed significantly between the two P-type sites (Table 1) . C, N, P, K, Mg, Fe, Zn, and Al concentrations of green leaves were significantly higher, but the C:N, N:P, and C:P molar ratios in green leaves were significantly lower, at the Prich site than at the P-deficient site (Table 1 ).
The C, N, P, Mg, Fe, and Zn concentrations of senesced leaves were also significantly higher, but the C:N, N:P, and C:P molar ratios in senesced leaves were significantly lower, at the P-rich site than at the P-deficient site (Table 1) .
Nutrient resorption efficiency and resorption efficiency ratios
The resorption efficiencies of N, P, and Zn were smaller, and the resorption efficiency of Al was greater, at the P-rich site than those at the P-deficient site. The P RE (63%) at the Pdeficient site was twice as high as the P RE (32%) at the P- Table 1 Concentrations of N, C, P, K, Ca, Mg, Fe, Mn, Zn, Cu, Al, and Na (mg g −1 ), and ratios of C:N, N:P, and C:P on molar basis in soils, green leaves, and senesced leaves, and their resorption efficiencies and resorption efficiency ratios calculated as log e (C RE /N RE ), log e (N RE /P RE ), and log e (C RE /P RE ) by leaves of Q. variabilis at P-rich and P-deficient sites, in subtropical China Elements Soils (mg g Numbers in italics indicate significant differences between the P-rich and P-deficient sites (***p < 0.001, **p < 0.01, and *p < 0.05). Resorption efficiencies in percentages were calculated with Eq. 1 rich site, whereas the N RE at the P-deficient site was only 7% higher (Table 1) .
PLS-DA allows calculating synthetic variables, called latent variables, along which the scores are maximized to discriminate the groups of samples according to the studied discriminating factor, i.e., site types. A PLS-DA was performed for site type effect (Fig. 1a, b) . As expected, the oak trees at the P-rich site were significantly distinct from those at the P-deficient site along the first component (Fig. 1a , CV-ANOVA p < 0.001) on PLS-DA by foliar nutrient resorption efficiencies. Examination of the first component loadings (Fig. 1b) and VIP values (Fig. 1c) showed that the major discriminant variables included the resorption efficiencies of N, P, Zn, and Al. P RE (VIP > 2) was more important than the resorption efficiencies of N, Zn, and Al (VIP > 1) in the discrimination of the sampled trees between the two P-type sites (Fig. 1c) .
Moreover, the resorption efficiency ratios of C:N, N:P, and C:P at the P-rich site were 8.3, 90, and 81.8% higher than those at the P-deficient site (Table 1) .
Nutrient resorption in relation to nutrient variation and stoichiometry
The P RE decreased significantly, while P concentrations in senesced leaves increased, with green leaf P and soil P. Moreover, the P RE increased, while P concentrations in senesced leaves decreased, with N:P and C:P ratios in green leaves and soils (Table 2) .
However, no regular pattern was found for the C RE and N RE . The N RE increased with N concentrations in green leaves, whereas the C RE and C concentrations in senesced leaves were significantly affected by the N and C ) showing the importance of the variables in discriminating sample trees between the P-rich (circles) and P-deficient (triangles) sites. Resorption efficiencies of K, Ca, Mg, Fe, Mn, Zn, Cu, Al, and Na were represented by K RE , Ca RE , Mg RE , Fe RE , Mn RE , Zn RE , Cu RE , Al RE , and Na RE , respectively. The score plot indicated the two clusters of the P-rich and P-deficient groups, and the first component separated the two clusters. The loading plot indicated the variables along the first component which contributed for grouping. Here, R 2 was the fraction of sum of squares of all the X's or Y's explained by the current component, and Q 2 was the fraction of the total variation of X's that can be predicted by a component determined by cross-validation. The ellipse indicated the Hotelling'sT2 (95%) ) and C:N, N:P, and C:P molar ratios in green leaves and soils on the nutrient resorption efficiencies of C, N, and P, and on C, N, and P concentrations in senesced leaves at P-rich and P-deficient sites, in subtropical China The nutrient resorption efficiencies of C, N, and P are represented by C RE , N RE , and P RE , respectively. concentrations of green leaves. Moreover, the N RE decreased, while the C concentration in senesced leaves increased with C:N ratios in green leaves and soils (Table 2) . N, C, and P concentrations in senesced leaves decreased significantly with N RE , C RE , and P RE , respectively, while N:P and C:P ratios in the senesced leaves increased significantly with P RE (Table 3) .
Nutrient resorption ratios in relation to nutrient variation
Partial R 2 showed that both N:P and C:P resorption efficiency ratios increased only with higher concentrations of soil P and green leaf P (p < 0.001) ( Table 4) .
Discussion
P resorption at P-rich and P-deficient sites
The significantly higher P RE and N RE , particularly P RE , of Q. variabilis in soils with lower P and N were consistent with the patterns of nutrient availability on nutrient resorption generally observed (Aerts and De Caluwe 1994; Aerts and Chapin 1999; Yuan and Chen 2015) . Moreover, the P RE on the P-rich site was 32%, which was almost the lowest among the values reported for deciduous tree species (Aerts 1996; Yuan and Chen 2009a) , whereas the soil P concentration (6.5 mg g −1 ) that was the highest ever reported (Han et al. 2005) . The variations in soil P resulted in significant intraspecific variations in the stoichiometric traits of Q. variabilis leaves and acorns, as well as of weevil larvae, an insect that feeds on acorns (Zhou et al. 2015; Ji et al. 2017) . Therefore, the primary importance of P RE in the discrimination of Q. variabilis between the P-rich and P-deficient sites suggested that P RE was dominant in influencing the intraspecific variation in the leaf nutrient resorption of Q. variabilis between the two P-type sites (May and Killingbeck 1992) . Killingbeck (1996) , McGroddy et al. (2004) , Richardson et al. (2005) , and Yuan and Chen (2009b) emphasized the importance of resorption proficiency (the level to which nutrient concentration is reduced in senesced organs) in assessing nutrient resorption. Among a wide range of species, the P resorption proficiency was in the range of from 0.01 to 0.21% on a mass basis, and P resorption was highly proficient in the plants with P concentrations in senesced leaves of below 0.05% (Killingbeck 1996; Rentería and Jaramillo 2011) . In this study, P resorption at the P-deficient site was significantly and highly proficient, as the concentrations of P in senesced leaves was 0.055%, and the P resorption at the P-rich site was far less proficient, with the concentrations of P in the senesced leaves being 0.198% (Killingbeck 1996) . As such, the patterns were consistent with those of P RE , which suggested the high strength of the P limitation in the ecosystems with P-deficient soils. Therefore, the Q. variabilis at the P-deficient site could be characterized as having implemented a highly conservative P-use strategy (Hayes et al. 2014) .
The nutrient requirements of plants are generally met through uptake from soils and resorption from senescing leaves, where the balance between the use of resorptionderived and soil-derived nutrients are set by their relative costs (Aerts 1996; Wright and Westoby 2003; Yuan and Chen 2009a) . Based on the theoretical model of Wright and Westoby (2003) , under low fertility conditions, the energetic costs of resorbing nutrients from senescing leaves were lower than that of uptaking nutrients directly from the soil. From a cost-benefit perspective, our results suggested that the costs of resorption relative to uptake from soils were less for Q. variabilis at the P-deficient site (Scalon et al. 2017) . For this study, the two P-type sites were similar in climatic conditions, but different in soil P concentrations. Thus, at the P-rich site, the energy cost of acquiring nutrients from the soil should be far lower than resorbing them from senescing leaves; thus, Q. variabilis reduced P resorption, particularly P resorption proficiency. In comparison, at the P-deficient site, the cost of Table 4 Partial R 2 calculated for the generalized linear models showing the effects of C, N, and P concentrations in green leaves and soils on the C:N, N:P, and C:P resorption efficiency ratios, log e (C RE /N RE ), log e (N RE / P RE ), and log e (C RE /P RE ), at P-rich and P-deficient sites, in subtropical China The numbers in italics show statistical significance (p < 0.05), while arrows (↑ and ↓) indicate positive and negative correlations, respectively nutrient uptake from soils might be more expensive than nutrient resorption from senescing leaves; therefore, Q. variabilis had a higher P resorption, especially the higher P resorption proficiency (Wright and Westoby 2003; Kobe et al. 2005; Scalon et al. 2017) . Moreover, species growing in diverse nutritional conditions can develop nutrient-based ecotypes (populations) (Kawecki and Ebert 2004; Savolainen et al. 2007) . Therefore, these differences in leaf nutrient resorption likely reflect the adaptation of Q. variabilis to variations of soil elements in the local environment.
P resorption in relation to geologic P variation
General patterns of N and P resorption with nutrient availability have not been observed (Aerts 1996; See et al. 2015) ; rather, there are evidences on the multiple-element control pattern of P resorption. For example, strong influences of soil N on P resorption occurred in northern hardwood forests, where productivity was primarily limited by N (Vadeboncoeur 2010; See et al. 2015) . P resorption decreased only with the addition of N (not P) in a semi-arid steppe of Northern China, where plant productivity exhibited dominant N control (Lü et al. 2013 ); moreover, plant P RE were negatively impacted by the combination of N and P fertilization (Yuan and Chen 2015) . In this study, although both soil N and P content at the P-rich site were significantly higher than that at the P-deficient site, there was a significantly negative correlation only between soil P content and P resorption (both P RE and P resorption proficiency), but no significant relationship between soil N content and P resorption, or between soil N content and N resorption. This may have been due to a fact that the correlation between soil N availability and the responses of P resorption usually was species-specific, with positive, negative, or neutral correlations (Kozovits et al. 2007; Lü et al. 2016) . Furthermore, plant productivity in subtropical regions was always primarily limited by P availability, which revealed an ultimate P limitation (Schindler 1977; Vitousek et al. 2010) . Thus, the only significant relationship between soil P and P resorption may be due to the fact that the response of plants to P variations was much more sensitive than to N variations at geologic-P varying areas (Lü et al. 2013; Lü et al. 2016) . Thus, our results did not support the multiple-element control pattern of P resorption and showed evidences of the single-element control of P resorption only (e.g., strong influences of P resorption by soil P availability). Moreover, LMA had no effect on both P RE and P resorption proficiency (Table S3 ). These evidences suggested that P resorption may be dependent on an element (N or P) that is most and primarily limiting in ecosystems.
P resorption in relation to nutrient stoichiometry
For this study, it was observed that there were complex correlations between nutrient resorption and stoichiometric ratios. Firstly, the positive relationships between P RE and C:P and N:P ratios in senesced leaves (Table 3) suggested that the negative relationship between P RE and soil P content, and the return of organic P to soils would be affected by the indirect effect of P RE on litter decomposition (Vergutz et al. 2012 ) through the modification of P concentrations, C:P ratios, and N:P ratios in senesced leaves (Vitousek 1998; Aerts and Chapin 1999) . Secondly, positive correlations occurred between P resorption and N:P and C:P ratios in both green and senesced leaves, as well as between N RE and C:N ratios in senesced leaves (Tables 2  and 3 ). The lower green leaf C:N, N:P, and C:P ratios at the Prich site suggested that Q. variabilis had higher growth rates with high soil P Makino et al. 2003) , which was consistent with our observation on tree height and breast height diameter (Fig. S2 ). There were also negative correlations of tree height with C:P ratios in green leaves and of tree height and DBH with C:N ratios in senesced leaves (Fig. S3) . Therefore, all of these results suggested that P resorption, and perhaps also N RE , were indirectly associated with Q. variabilis growth and productivity.
Resorption stoichiometry in relation to geologic-P variation
The lower resorption efficiency ratios of C:P and N:P at the Pdeficient site, and the only positive association of N:P and C:P resorption ratios with foliar and soil P concentrations, also elucidated the influences of nutrient availability on resorption stoichiometry (Aerts 1996; Reed et al. 2012) . Our results were consistent with the low N:P resorption ratio in tropical areas, where soil P is typically limited due to high weathering and strong leaching (Reed et al. 2012) , which suggested that the N:P resorption ratio might also reflect soil P availability.
Conclusion
Based on the examination of the resorption efficiency and proficiency of 12 elements for Q. variabilis populations at two natural P-rich and P-deficient sites in subtropical environments, four conclusions were obtained. First, P resorption efficiency was dominant in influencing the intraspecific variation in leaf nutrient resorption of Q. variabilis between the two P-type sites, and Q. variabilis possessed low P resorption efficiency and resorption proficiency at the P-rich site, while having high P resorption efficiency and resorption proficiency at the P-deficient site, which suggested that Q. variabilis might employ an energy-efficient strategy to meet its nutrient needs. Second, both P resorption efficiency and resorption proficiency were strongly affected only by soil P, which was primarily limiting in these ecosystems, showing a single-and limiting-element control pattern of P resorption. Third, both P resorption efficiency and resorption proficiency were positively related to N:P and C:P ratios in soils, green leaves, and senesced leaves, which suggested that P resorption was indirectly associated with Q. variabilis growth and productivity in these ecosystems. Fourth, the resorption efficiency ratios of both N:P and C:P were positively associated with soil P concentrations, serving as a potential indication of soil P limitation. These results assisted in elucidating nutrient resorption patterns as they related to geological nutrient variations, toward contributing new insights into the role of P resorption in plant adaptations to variations of P in the subtropics. The results of the present study may also have significant implications for understanding how terrestrial plants respond to anthropogenic P loading into the ambient environment.
